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Light dark matter annihilating into electron-positron pairs emits a significant amount of internal
bremsstrahlung that may contribute to the cosmic gamma-ray background. The amount of emitted
gamma-rays depends on the dark matter clumping factor. Recent calculations indicate that this
value should be of order 106−107. That allows us to calculate the expected gamma-ray background
contribution from dark matter annihilation. We find that the light dark matter model can be
ruled out if a constant thermally-averaged cross section is assumed (s-wave annihilation). For more
massive dark matter candidates like neutralinos, however, cosmic constraints are weaker.
I. INTRODUCTION
Recent observations of the Galactic center in different
frequencies have provided increasing motivation for the-
oretical models that consider dark matter annihilation
and/or decay. One finds an excess of GeV photons [1],
of microwave photons [2], of positrons [3] and of MeV
photons [4, 5], which correlates with the Galactic bulge
instead of the disk and cannot be attributed to single
sources. It is therefore controversial whether it can be
explained by conventional astrophysical sources alone or
if dark matter annihilation models are required. It is
not clear whether these different phenomena are related.
Hence, their interpretation is still under discussion [6].
For this reason, it is particularly interesting to also con-
sider constraints which are independent of the Galactic
center observations.
Observations in the MeV energy range favor models
based on light dark matter. These models suggest that
light dark matter particles with masses of 1 − 100 MeV
annihilate into electron-positron pairs [7]. In such a sce-
nario, the dark matter mass needs to be larger than
511 keV to be able to produce electron-positron pairs
through dark matter annihilation. It should be smaller
than 100 MeV, as otherwise pion final states that produce
too many gamma rays would be possible [7]. Electromag-
netic radiative corrections to the annihilation process re-
quire the emission of internal bremsstrahlung [8]. It has
also been proposed that such internal bremsstrahlung
emission might explain the observed gamma-ray back-
ground in the 10− 20 MeV range [9, 10] for dark matter
masses of ∼ 20 MeV, though these models appear less fa-
vorable in light of stronger upper limits on the dark mat-
ter particle mass [11, 12]. Supernovae data require dark
matter particle masses larger than 10 MeV, although this
limit depends on assumptions made regarding the scat-
tering cross section between dark matter particles and
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neutrinos [13].
Calculations regarding the annihilation of light dark
matter in the Milky Way show that predicted and ob-
served fluxes are only in agreement for p-wave annihila-
tion models [7]. In addition, dark matter models can be
constrained by the cosmic backgrounds [14, 15, 16, 17,
18, 19]. Such constraints provide a highly complemen-
tary approach based on the observed cosmic gamma-ray
background. In this letter, we show that such constraints
provide a strong independent confirmation that s-wave
annihilation of light dark matter is ruled out.
II. ASSUMPTIONS
To explain the observed abundance of dark matter in
the universe requires a thermally-averaged annihilation
cross-section of [20, 21]
〈σv〉 ∼ 3× 10−26 cm3 s−1. (1)
In the mass range considered here, this may vary only
by 10% [10, 20]. Such a cross section is in agreement
with conservative constraints derived from gamma-ray
observations of the Milky Way, Andromeda (M31) and
the cosmic background [17]. We adopt Eq. (1) in this
study.
The overall intensity of annihilation radiation, how-
ever, depends sensitively on the dark matter clump-
ing factor. This quantity, defined as C(z) =
〈ρ2DM(z)〉/〈ρDM(z)〉
2, has been subject to several studies
[14, 18, 22, 23] and turns out to be highly uncertain. For
example, a very detailed study by Cumberbatch et al. [23]
computed clumping factors for three commonly-adopted
dark matter halo profiles: Navarro-Frenk-White (NFW)
[24], Moore [25] and Burkert profiles [26]. Depending
on model assumptions, the Burkert profiles, which have
a flat central core, yield clumping factors of the order
105 − 3 × 106, the Moore profiles, which have a steep
central cusp, yield factors in the range 107 − 1011, and
intermediate NFW profiles yield factors of 106 − 3× 109
at redshift zero. The large variation in values for a given
2profile is due to the dependence of the clumping factor
on further properties like the amount of substructure and
typical halo concentration parameter. There has been
a long controversy between different theoretical and ob-
servational studies, with observations typically favoring
shallow profiles and theoretical investigations favoring
power-law behavior with central slopes of the order −1
[25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41, 42]. More recently, there appears some convergence
towards the Einasto profile [43] with a slightly shallower
slope of ∼ −0.8 [44, 45, 46]. High-resolution simula-
tions further indicate that substructure will not provide
a strong contribution to the amount of dark matter anni-
hilation [47], though more realistic simulations including
baryonic physics will be needed to finally resolve this is-
sue. As the slope of the Einasto profile is very close to
the NFW, clumping factors should be in the same range,
and certainly above the flat Burkert profile. This favors
clumping factors in the range 106 − 107, and as a firm
lower limit, we adopt 105 at redshift zero, which is the
lowest value found for calculations with the Burkert pro-
file, and a factor of 30 below the lowest value for the NFW
profile [23]. We note that some works in the literature
adopt an even smaller minimal clumping factor of 2×104
[17, 18, 19], corresponding to the Kravtsov profile [48].
Such a choice would leave our conclusions unchanged.
III. FORMALISM
The gamma-ray background intensity is given as [10]
Iν =
c
4pi
∫
dzPν([1 + z]ν, z)
H(z)(1 + z)4
, (2)
where c is the speed of light, z the redshift, Pν the proper
volume emissivity and H(z) the Hubble function. The
proper volume emissivity is given as
Pν =
1
2
hν〈σv〉Cclumpn
2
DM
[
4α
pi
g(ν)
ν
]
, (3)
where h is Planck’s constant, Cclump is the dark matter
clumping factor, nDM the number density of dark matter
particles, α ∼ 1/137 the fine-structure constant and g(ν)
is a dimensionless spectral function, defined as
g(ν) =
1
4
(
ln
s˜
m2e
− 1
)[
1 +
(
s˜
4m2DM
)2]
, (4)
with s˜ = 4mDM(mDM − hν). The number density of
dark matter particles is calculated from the mass den-
sity ρDM = mDMnDM, which is highly constrained from
WMAP observations [49]. As the thermally-averaged
cross section is fixed by Eq. (1), the predicted gamma-
ray background depends only on the assumed dark mat-
ter particle mass mDM. Between redshifts 10 and zero,
which yield the dominant contribution to the predicted
gamma-ray background, the clumping factors are well
described by a power-law
Cclump = C0 (1 + z)
−β
(5)
with β ∼ 3 and C0 being the clumping factor at red-
shift zero. As discussed above, the value of C0 should be
in the range 106 − 107, and certainly above 105. If the
dark matter density in virialized halos can be assumed
constant, the clumping factor rises as (1 + z)−3 towards
lower redshift [22]. The evolution is however less steep
if substructure in the halo is neglected [10, 14]. Such
a case would strengthen the constraint given below, as
even more radiation will be emitted at high redshift.
IV. RESULTS
For different dark matter masses, we calculate which
clumping factor would be required to exceed the ob-
served gamma-ray background due to emission of internal
bremsstrahlung. For illustrative purposes, we give some
examples in Fig. 1. In Fig. 2, we show the constraint for
different dark matter masses larger than 511 keV. Fur-
ther limits can be calculated from 511 keV line emission.
As a conservative choice, we assume that the electron-
positron-pairs annihilate via positronium formation as
observed in the Milky Way [50], such that only 25% of
all annihilations lead to the emission of 511 keV pho-
tons. For masses of 7 MeV, one finds a maximum per-
mitted clumping factor of C0 = 10
5 [16]. As this emis-
sion always peaks at the same frequency, one can obtain
the constraint for other particle masses by requiring that
C0/m
2
DM = const. For dark matter masses larger than
11 MeV, the constraint from internal bremsstrahlung
is most stringent. The limit from 511 keV emission is
only important for dark matter masses below 11 MeV.
For masses below the upper limit from Galactic center
observations, the constraint from 511 keV emission is
strongest.
V. IMPLICATIONS AND DISCUSSION
As shown by Beacom and Yu¨ksel [11], light dark mat-
ter scenarios that explain observations of the Galactic
center require a mass less than 3 MeV. This results from a
comparison between 511 keV emission and higher-energy
gamma-rays and does not require assumptions regarding
the dark matter profile. For low masses, clumping fac-
tors C0 in the range 10
6−107, which we would expect for
the currently-favored Einasto profiles, are excluded due
to the gamma-ray background constraints. Even if we
adopted clumping factors corresponding to a flat Burket
profile with little substructure, corresponding to values
C0 ≥ 10
5 [23], this would violate the constraints from
the gamma-ray background. This shows that the light
dark matter model can no longer be maintained with
3FIG. 1: The predicted gamma-ray background due to inter-
nal bremsstrahlung emission for different dark matter par-
ticle masses. In every case, we adopted a clumping factor
that yields the maximum allowed background. We compare
with the observed gamma-ray background from COMPTEL
(crosses) [51], SMM (plusses) [52] and EGRET (squares) [53].
FIG. 2: The constraint on the clumping factor C0 at redshift
zero due to internal bremsstrahlung emission. For compari-
son, we show the weaker constraint due to 511 keV emission.
The forbidden region is shaded. We also show the upper mass
limit from Galactic center observations calculated by Bea-
com and Yu¨ksel [11] as well as the minimal clumping factor
C0 = 10
5. The combination of these constraints shows that
light dark matter models with s-wave annihilation are ruled
out.
a constant thermally-averaged annihilation cross section
if constraints from the cosmic background are combined
with the upper mass limits from the spectral constraints,
thus providing an independent confirmation that s-wave
annihilation of light dark matter can be ruled out.
These conclusions hold even if we adopted the very
conservative upper mass limit of Sizun et al. [12], which
is 7.5 MeV if the ISM in the Galactic center would be
strongly ionized. This appears unlikely and provides a
very strong upper limit. In addition, more recent INTE-
GRAL observations favor an even smaller emission re-
gion, which increases the inflight annihilation intensity by
a factor of 1.7 and pushes the allowed maximum positron
injection energy even further down (John Beacom, pri-
vate communication).
Still feasible are models based on p-wave annihilation,
in which the annihilation cross section becomes much
smaller at late times when the velocities of dark mat-
ter particles are no longer relativistic [54]. It is also
interesting to note that the gamma-ray background at
10 − 20 MeV might be explained by a power-law com-
ponent of non-thermal electrons in active galactic nuclei
(AGN) [55]. It is however unclear whether a sufficient
number of non-thermal electrons is actually available.
We expect that the FERMI satellite [61] will shed more
light on such questions, as the anisotropic distribution of
the gamma-ray background may allow one to distinguish
between astrophysical sources and dark matter annihila-
tion [56].
We finally note that we have checked if similar con-
straints apply for more massive dark matter candidates,
based on the recent analysis of Mack et al. [17] and Yu¨ksel
et al. [19]. For such models, however, clumping factors in
the range 107 − 109 are still feasible and well within the
allowed parameter space. The upper limits derived for
light dark matter do not apply here, as the annihilation
products may be different.
We finally note that if the clumpiness of dark mat-
ter was high already at early times, annihilation of light
dark matter may provide a significant contribution to
the observed reionization optical depth [22, 57, 58]. The
detailed effects of such annihilations on the IGM have
been explored by Ripamonti et al. [59], and consequences
for 21 cm observations have been explored by Chuzhoy
[22], Furlanetto et al. [60].
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